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Corrosion initiation and growth rate are important properties in maintaining structural
integrity, especially for surface and pit corrosion of common infrastructure and
transportation metals. In this study, the surface corrosion pit initiation and growth rate on
Aluminum 2024(common aerospace alloy) and Steel 304(common alloy for infrastructure)
in different pH solutions was measured and values were analyzed by image analysis over a
scheduled time. A MATLAB algorithm was developed for detecting the initiation and
growth rate of pits as a function of time. The developed algorithm was validated with
simulated specimen as well as experiments conducted corrosion specimen. Based on the
result of obtained, the MATLAB algorithm predicts the right trends and power law radial
xi

xii
corrosion pit growth rates and should be useful for corrosion initiation and growth
predictions in various metals.

Chapter 1 Introduction
1.1 Literature review
1.1.1 Corrosion costs and Importance
The corrosion of metallic structures has brought a significant impact on economy of
United States, including infrastructure, transportation, utilities and all kinds of
manufacturing. The distribution of corrosion cost in United States, which released by the
US Federal Highway Administration is show in Figure 1. In their study, the total direct
cost of corrosion was determined by analyzing 26 industrial sectors, in which corrosion is

Figure 1 Distribution of corrosion
1
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known to exist, and extrapolating the results for a nationwide estimate. The total direct cost
of corrosion was determined to be $279 billion per year, which is 3.2 percent of the U.S.
gross domestic product (GDP). Indirect costs to the user (society costs) are conservatively
estimated to be equal to the direct costs. This means that the overall cost to society could
be as much as six percent of the GDP. Often, the indirect costs are ignored because only
the direct costs are paid by the owner/operator. Most of the corrosion cost (defense,
drinking water & sewer system, motor vehicles, pipelines) come from metallic corrosion
[1].
The U.S. infrastructure and transportation system allows for a high level of mobility
and freight activity for the nearly 270 million residents and 7 million business
establishments. Direct cost of corrosion in the infrastructure category annually is about
22.6 billion dollars, which is 16.4 percent of the total cost of the sector category. Steel and
Aluminum are the two most common used metal in the infrastructure category, that is
reason why these two material have been used to do the experiment in this thesis [2]. Such
high cost of corrosion has become the motivation to find a method to predict the trend of
how corrosion grows and the corrosion growth rate.
1.1.2 Analysis based on image and color
In the process of reviewing the literatures, many articles are found helpful. There is an
article indicates a method to use morphology image to evaluate the corrosivity of a
material, they generate a model for the sample material LY12CZ. By the application of the
model set in the software of AFGROW, they can predict the pitting depth [3]. Also by
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digital image processing, another article which focused on the surface damage analysis,
shows initial image is characterized by three categories: color, texture and shape features.
Machine vision methods are applied to the analysis of corrosion surface damage for the
first time. Surface damages instead of electrochemical methods [4]. Both of them inspire
me that method of image processing can be an effective method for analyzing the change
of corrosion.
The research based on the color analysis also becomes a significant part to the study on
corrosion. One article indicates the scanner-based image analysis (based on RGB)
produced rapid measurements of concrete corrosion that were consistent with the
conventional gravimetric method which is more time-consuming. The scanned image
analysis technique is a straightforward, inexpensive method for monitoring the concrete
corrosion [5]. Despite the method of scanner-based image analysis is generated for the
concrete corrosion, material is not the core part of this method, that makes me apply the
method on my own experiment for the steel and aluminum.
1.1.3 Models
A cellular automated model (by java program) was developed before this study to
simulate and show how the corrosion grows [18]. It reveals the corrosion will change the
color and reflectance of the metal. (The color in this model represents pit depth which
different from the model in this thesis, so the detail of this CA will not be specified)A
cellular automaton is a discrete model studied in computability theory, mathematics,
physics, complexity science, theoretical biology and microstructure modeling. It consists
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of a regular grid of cells, each in one of a finite number of states, such as "On" and "Off"
(in contrast to a coupled map lattice) [6-8]. However, the model needs parameters
(initiation rate) to fix in. So possibility of finding the parameter by both experiment data
and program through the image analysis method talked above is considered. This model
would also help this study to find the trend of corrosion growth rate to do the prediction,
which can really help reduce the cost of corrosion in the industry.
After discussing the feasibility with my advisors, it is decided to do the corrosion analysis
based on the high resolution scanned image, which means the visualization of the
corrosion. Many people have used similar method to do all kinds of analysis for corrosion
research, they use the speckle digital photography to measure the corrosion rate of iron in
different concentration of H 2 SO 4 corrosive solutions, and compare the result with
conventional electrochemical measurements [9]. Some use digital image processing
reflection photo elasticity to quantitatively estimate the mechanisms of crack extensions of
ferroconcrete due to corrosion [10]. Some others developed a digital image processing and
analysis method to classify shape and evaluate size and morphology parameters of
corrosion pits. Theoretical geometry data (similar to the part of we examine the program
result) have been compared against experimental data obtained for titanium and aluminum
alloys subjected to different corrosion tests [11].
There is an alternative corrosion visualization scanning electron microscope (SEM) can
be found in many references. SEM is a type of electron microscope that images a sample
by scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons
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interact with the atoms that make up the sample producing signals that contain information
about the sample's surface topography, composition, and other properties such as electrical
conductivity. This technology can be used in study of high temperature corrosion of pure
iron and nickel. Through that, grain boundary grooving, grain growth, surface
rearrangement and the corrosion happened in different phases can be observed [12]. Some
applications are even used in the medical field. They combined the technology of SEM
with X-ray microprobe to observe the change of corrosion of endodontic silver cones [13].
But the SEM needs relatively high condition, it requires that the surfaces be ground and
polished to an ultra smooth surface [14]. These kinds of conditions are difficult to get in
current condition of experiment and in my image analysis model, it does not need to go
into that level of vision, so I did not use SEM in my experiment.
The algorithm of program (model) part by Matlab for calculate the irregular corrosion
area is a little similar to the flood-filled algorithm, but in a different way. Flood fill, also
called seed fill, is an algorithm that determines the area connected to a given node in a
multi-dimensional array. It is used in the "bucket" fill tool of paint programs to determine
which parts of a bitmap to fill with color, and in games such as Go and Minesweeper for
determining which pieces are cleared. When applied on an image to fill a particular
bounded area with color, it is also known as boundary fill [15]. Flood-fill can be widely
used in all kinds of image analysis system not only in 2D but also in 3D [16, 17].
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Based on the literature, there is no algorithm which can automatically defect and calculate
the corrosion pit growth, thus the approach of the algorithm needs to be developed
originally.
Here is an overview for my strategy to calculate the irregular shape of corrosion pits: the
corrosion pixels will change its color during the corroded time period, so we can follow the
grayscale value of each pixel to judge if this pixel has been corroded or not. If a group of
corroded pixels does not connect (4-connected, this will be specified in the thesis) to any
corroded pixel, then this group of pixels will be seemed as a corrosion pit. Make a
coordinate system for all pixels. Search from the original coordinate and define the
grayscale range for the corroded pixel. Find the corroded pixel, from the specific one,
repeat the search process (similarly to flood-fill algorithm) again, until find all corroded
pixel connect will each other, then sum them together to calculate the area of corrosion pit.
1.2 Thesis Objectives
To obtain the surface corrosion pit initiation and growth rate on Aluminum
2024(common aerospace alloy) and Steel 304(common alloy for infrastructure) in different
pH solutions, the strategy was approached by following steps. First, a corrosion experiment
was conducted on Al and Steel panel to get the scanned high resolution image over a
scheduled time. Second, A MATLAB algorithm was developed for detecting the initiation
and growth rate of pits as a function of time. Third, the developed algorithm was validated
with simulated specimen as well as experiments conducted corrosion specimen. Last,
calculate the initiation rate and growth rate for these two metals and do the conclusion.
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Chapter 2 Corrosion Experiments
In this chapter, the specimen corrosion experiment instruction, preparation and procedure
in order to obtain high resolution scanning image of Al and Steel panels will be specified.
1.1 Important instruction before experiment
The purpose of the experiment is to get scanned high resolution image of corrosion
panels during different time period (every 5 minutes until the panel totally corroded) for
the input of the program. From several failed experience, the following points should be in
mind during the experiment:
1. Be sure to wear gloves during every step of experiment, it is not only can protect
our hands from those corrosive solutions, but also can prevent the panel be
polluted by the oil or other dirt on our hands. The oil and dirt will prevent regular
corrosion process on the panel or even generate other unknown chemical reaction,
which would strongly affect our result.
2. Always remember to squeeze the bottle of distilled water to wash the remained pH
solution away every time after remove the panel from solution, before put into
drying apparatus. If there is pH solution remain on the surface of the panel, it will
keep corrode the panel.
1.2Preparation
4 containers pH 4, pH 11 buffer solutions, distilled water, 2 Al panels (6 inch* 3
inch), 2 steel panels(6 inch* 3 inch).
Use sand paper 300 to clean every panel first and then use sand paper 600 clean them
deeply. Make sure there is no corrosion on each panel before the test
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1st container: 200ml pH4 buffer solution and 1 Al panel separate
2nd container: 200ml pH11 buffer solution and 1 Al panel separate
3rd container: 200ml distilled water (pH7) and 1 steel panel separate
4th container: 200ml pH4 buffer solution and 1 steel panel separate

1st

3rd

2nd

4th

Figure 2.1 Steel and Al panels in pH solutions
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2.3 Experiment procedure
1. Separate the panel and the bottom of the container with two glass sticks to prevent
the panel from having a chemical reaction with its container if they contact each other.
2. With gloves remove Al panel from the 1st and 2nd container every 5 minutes and
squeeze the bottle of water to remove the pH solution on the surface of the panel and place
into the drying apparatus.
3. With gloves remove Steel panel from the 3rd and 4th container every 5 minutes and
place into the drying apparatus.

Figure 2.2 Apparatus
4. Wait half an hour or more for the panels to dry , and make sure there is no solution
or water on the panel to prevent the scanner from getting destructed.
5. Observe the changes in each panel, especially in the area which had been
destructed.
6. Put it on the customized plastic frame and put the frame into the scanner.
7. Use the setting of 4800ppi high resolution, millions of color, file type “tiff” scan
the panel, cut the graph of panel as 6.22 inch * 3.11 inch and save it. (Make sure the frame
is in the same location on the scanner and panel is on same location of the frame each
time)
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8. With gloves on put the panels back into the solution/ distilled water after scanning.
9. Repeat the procedure 1-8 until the corrosion is significant.
10. Import the graphs into Matlab and examine the surface for corrosion pits.
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Chapter 3 Algorithm and Image analysis
In this chapter, MATLAB algorithm developed for detecting the initiation and growth rate
of pits as a function of time and image from different versions will be specified.
3.1 Flow chart of algorithm

Scan the corroded
panel

Divide the scanned
image into 18 smaller
images

Output is a txt file
contains area of each
pit

Put a cut image into
the program

Sum all the “1”
together and record it

Covert the image into
grayscale

Search until there
are no connected
pixels are in the
corroded range
Create the binary
version of image

Initially define all
pixels in binary as 0

If it is not in the
corroded range,
leave it as 0

Create coordinate for
each pixel

Search the pixel
from (0, 0), to
check its grayscale

If it is in the
corroded grayscale
range, mark it as 1

Repeat the
judgment
step to the
four
surroundin
g pixels

From this pixel, track
the four pixels
connect to it

Record its coordinate
and define it as 4connected pixel
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3.2 Detail of algorithm
At the very start of the programming, knowing how to measure the area of the
corrosion becomes the most significant problem. Since the initial Al or Steel panels we
used in the experiment have some scratches (which cannot be avoided in our case, because
we need to clean each panel with sand paper at first), it is hard to tell which are scratches
and which is corrosion by our naked eyes. Therefore, I used the following method to
distinguish the scratches and corrosion, calculate the corrosion area of each grain, and
draw the histogram:
This is how the whole panel looks like and after enlarging the picture, how the
corrosion pit looks like.
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6 inch

3 inch
Figure 3.1 whole panel and single pit of corrosion
Step 1, use rgb2gray command to get the grayscale picture of the target image. Then
show and define its path in MATLAB.
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Figure 3.2 grayscale picture of steel
panel
Step 2, in this step, we use a morphological opening operation to estimate the
background illumination. Use the initial scan of the specific panel as the background. The
`IMOPEN` function is used to perform the morphological opening operation and then calls
the `IMSHOW` function to view the results.
Step 3, Use the surf command to create a surface display of the background
approximation background. The surf command creates colored parametric surfaces that
enable us to view mathematical functions over a rectangular region. The surf function
requires data of class double, however, so we first need to convert background using the
double command. The example uses MATLAB indexing syntax to view only 1 out of 8
pixels in each direction; otherwise the surface plot would be too dense. The example also
sets the scale of the plot to better match the range of the uint8 data and reverses the y-axis
of the display to provide a better view of the data (the pixels at the bottom of the image
appear at the front of the surface plot). In the surface display, [0, 0] represents the origin,
or upper left corner of the image. The highest part of the curve indicates that the highest
pixel values of background occur near the middle rows of the image. The lowest pixel
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values occur at the bottom of the image and are represented in the surface plot by the
lowest part of the curve.
Step 4, subtract the background from the corrosion image in different time periods
according to the particular one we are using to calculate the area of corrosion, and then
view the image.
Step 5, create a binary version of the image so that you can use toolbox functions to
count the number of grains. Use the im2bw function to convert the grayscale image into a
binary image by using threshold. The function graythresh automatically computes an
appropriate threshold to use to convert the grayscale image to binary. If we enlarge the
binary version of the image to a reasonable scale, we will find the picture is composed by
millions of pixels named 1 or 0. Create a binary mask and initially define all pixels as 0.

Figure 3.3 grayscale image enlarged to a pixel scale
Step 6, create a coordinate system to let each pixel on the image receive its
coordinate. The shape of the panel is not an exact rectangle, so make it as a rectangle when
creating the coordinate system.
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Step7, the program will randomly search “0” pixel which matches the grayscale of
217 ~235 for Al and 67-92 for Steel on the subtracted image. If the point is not in the right
range, just leave as 0. If the pixel is in the right range, mark it as 1.
Step 8, select this pixel and record its coordinate(X1, Y1). Define this point as a 4connected pixel (which is show below).
4-connected
Pixels are connected if their edges touch. This means that a pair of adjoining pixels is
part of the same object only if they are both on and are connected along the horizontal or
vertical direction.

Figure 3.4 4-connected pixel
Step 9, from this specific point, track the four pixels which connect to it, and repeat
process 7. Then all the points which have been marked as “1” track the connected pixels
which marked as “0”, and judge it as the process 7 until there are no connected pixels that
are in the right range.
Step 10, sum all the “1” pixels together, record it as P(1), in our case, the image of
steel panel is 12.5cm * 7.5cm and the resolution is 11845*7294, then the area of each pixel
is 1*10-6 cm2, the area of this corrosion area is ____ and record it.
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Step11, repeat the processes 1-10 on each objective image (10 minutes later, 15
minutes later etc.) and make the spreadsheet and diagram for the growth rate of corrosion.

3.3 Image analysis
Before we do the programming, here are a set of different version of the scanned
image to help us to recognize how the corrosion grows, these are the scanned steel image
with the same cut in different time period:
First is original image:

Figure 3.5 original image
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Second is the grayscale version:

5 min

10 min

15 min

20 min

Figure 3.6 grayscale image

19
Third, as we all know, the rgb image is a row * column * 3 matrix, the 3 here
represents the 3 color layers in the image, which are the red layer, green layer and blue
layer. Here we give the red layer version as an example:

5 min

10 min

15 min

20 min
Figure 3.7 red layer image
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Fourth is the binary version:

5min

15 min

10min

20min
Figure 3.8 binary version image

21

Chapter 4 Detail of programming and examination
4.1 Detail of program
We program the code based on Matlab, version R2010a.
The code includes five M-files, which are “Main”, “Search”, “Pop”, “Push”, “Peak”.
From the combination of the five M-files, we can get the output call “size”, it is a txt
file.
The effect of m-file “Main” is define the dimension of the picture we will use, convert
the original scanned picture to the grayscale picture, define the rule that how we consider
the pixel as a corroded one and generate a “txt” file called “size ” to store the data. The
code is:
clear all
global A B stack height width;
I = imread('C:\Users\Yan\Desktop\mark pic\5min_01x01.png');
J = rgb2gray(I);
A= ((J>=100)&(J<=200));
[height,width] = size(A);

B = zeros(height,width)>0.5;
stack=zeros(height*width,1);
for i=1:height
for j=1:width
if (B(i,j)==false)
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size=Search2(i,j);
if (size>0)
fid = fopen('size.txt','a');
fprintf(fid, '%d\n', size);
fclose(fid);
end
end
end
end

We use the “Search” file to search corroded pixels starting from the original pixel
(0,0). If it is a corroded pixel, mark it in the data matrix as “1” and continue to search the
4 pixels around it, and if it is not a corroded pixel, then leave it. When finished searching
all the pixels, calculate the area of each corrosion pits. The code is:
Function area= Search(x,y)
Global A B;
Current=0;
up=0;
down=0;
left=0;
right=0;
B(x,y)=true;
if (A(x,y)==true)
current=1;
if (Peak(x + 1, y) == 1)
down = Search(x + 1, y);
end
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if (Peak(x - 1, y) == 1)
up = Search(x - 1, y);
end

if (Peak(x, y + 1) == 1)
right = Search(x, y + 1);
end

if (Peak(x, y - 1) == 1)
left = Search(x, y - 1);
end

area = current + down + up + right + left;
return

else

area = current + down + up + right + left;
return

end

When each searching process is finished, the program will generate a stack, but by the
limitation of Matlab, the maximum value of stack cannot be more than 500, so I program
two files to solve the problem. The “Push” file is used to put the newest data into that
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group of stack, and the “Pop” file is used to put the oldest data out of that group of stack,
which means, when the newest data has generated, the oldest one would automatically
been removed. The code of Pop and Push are:
Pop:
function n=Pop()
global stack top
top=top-1;
n=stack(top,1);
return

Push:
function Push(x,y)
global stack top
stack(top,1)=x;
stack(top+1,1)=y;
top=top+2;

Recall in the searching process, when we find the corroded pixel, we continue
searching the four pixels around it, but in some cases, these pixels are in the edge of the
panel, or even in the corner, so there are only three or two pixels around it. To avoid errors
when we run the “search” file, I programmed a file to define the peak of the edge and
corner and make the whole program reasonable, the code of “Peak” is:
function d=Peak(x,y)
global A B height width;
if (x < 1 || x > height || y < 1 || y > width )
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d=0;
return
end

if (B(x,y)==false && A(x,y) == true)
d=1;

return

else
d=0;
return

end

We also generate a program to find coordinate of each pixel which has been corroded,
by that we can mark the edge of the corrosion pits in the real image version.
The algorithm we use to find the coordinates of the edge pixels is, we find the
corroded pixels(which in our case, will be marked as “1” in the binary version) first, then
give the constraint condition to find the corroded pixels which do not have any corroded
pixels around them(in our case, will be the pixels marked as “0” in the binary version). So
the pixel, which marked as “1” in our binary version and any 4-connected pixels around it
marked as “0” in binary version, we consider it is the edge pixel of corrosion pits. Here is
the program:
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clear all
I = imread('C:\ ');
J = rgb2gray(I);
K = ((J>144)&(J<169));
imshow(K)

%sum(sum(K))
[m,n]=size(K);
for i=2:m
for j=2:n
if K(i,j)==1
if K(i-1,j)==0
%around = K(i+1,j)+K(i-1,j)+K(i,j+1)+K(i,j-1)
%if around<4
%|(K(i-1,j)==1)|(K(i,j+1)==1)|(K(i,j-1)==1));
coordinate2=[i,j]
%coordinateY=j
fid = fopen('coordinate2.txt','a')
fprintf(fid, '%d\n', coordinate2)
fclose(fid)

end
%plot(i,j)

end
end
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end
return

clear all
I = imread('C:\cut.tif');
J = rgb2gray(I);
K = ((J>144)&(J<169));
%sum(sum(K))
[m,n]=size(K);
for i=2:m
for j=2:n
if K(i,j)==1
if K(i,j-1)==0
%around = K(i+1,j)+K(i-1,j)+K(i,j+1)+K(i,j-1)
%if around<4
%|(K(i-1,j)==1)|(K(i,j+1)==1)|(K(i,j-1)==1));
coordinate4=[i,j]
%coordinateY=j
fid = fopen('coordinate4.txt','a')
fprintf(fid, '%d\n', coordinate4)
fclose(fid)

end
%plot(i,j)

end
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end
end
return

clear all
I = imread('C:\cut.tif');
J = rgb2gray(I);
K = ((J>144)&(J<169));
%sum(sum(K))
[m,n]=size(K);
for i=1:m
for j=1:n
if K(i,j)==1
if K(i,j+1)==0
%around = K(i+1,j)+K(i-1,j)+K(i,j+1)+K(i,j-1)
%if around<4
%|(K(i-1,j)==1)|(K(i,j+1)==1)|(K(i,j-1)==1));
coordinate3=[i,j]
%coordinateY=j
fid = fopen('coordinate3.txt','a')
fprintf(fid, '%d\n', coordinate3)
fclose(fid)

end
%plot(i,j)

29
end
end
end
return

By marking the pixels which match the coordinate in the real picture, we will get
something like this:

5 min

10 min

15 min
Figure 4.1 original picture marked with color
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These are the same picture cut from different time periods, (5 minutes, 10 minutes, 15
minutes). We marked three corrosion pits with three different colors (red green yellow), so
that we can clearly see the corrosion growth through the images.
Since the computer we use does not have enough memory to run the whole piece of
the scanned image, we decide to cut the scanned image equally to 18 smaller pieces, the
dimension of the whole piece is 6 inch* 3 inch, so the smaller piece after the cut is 1 inch*
1 inch. The original image and the image after the cut will look like this:

Figure 4.2 divided original image

31
Then we run the program with each small piece:
1 inch

1 inch
Figure 4.3 dimension of divided piece
After running the program, we will get a group of numbers for the coordinates:

Table 1 coordinate output example
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Every 2 numbers followed by order made a coordinate, like the first and second
number 2, 38 makes the coordinate (2, 38), the third and fourth number makes the
coordinate (2,53), and so on.

4.2 program validation
Before we get the result, we need to examine if the program is running correctly, so
we run a small piece of the picture to see if the program gets a correct result:

Figure 4.4 a small piece of image
Here is a small cut from our scanned picture, the size is only 229 pixel * 176 pixel.
To examine the program, we want to see the pixel numbers of each pit by eyes clearly, but
if we run the program with the range defined for the corrosion pit, the number would be
too large to count by eyes alone. Thus we give a relative narrow range to the grayscale to
see if our program has found the correct grayscale value and count the number of pixels
correctly.
We give range 180-190 to the grayscale to run the program:
J = rgb2gray(I);
A= ((J>180)&(J<190));
Then we get the “size” file show below:
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Figure 4.5 output of area

Then we look into the logical binary matrix Here are the parts of the matrix which all
contain 1(the program searched the matrix from the first point line by line, so the parts
also contain 1 by that order):
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Figure 4.6 output of matrix
The pixel numbers exactly match the output txt file we have.
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In order to further prove my program is working right, and more precisely, I made the
following test. Get two uncorroded panels, one is Al panel and one is steel panel. Use
marker to draw the following shapes on the two panels. 3 black small circles, 2 orange
small cirles, 1 blue small circle, 2 large blue circles on steel panel. 1 black ring, 1 black
rectangle, 1 black half circle, 1 black equilateral triangle, 1 irregular shape combine with
black and blue.
We know the location and dimension of the “corrosion pits” we made, then scan the
two panels and run it with my program. Compare the result by program with the result we
expect, and caculate the difference. If the difference is small and acceptable, then it is
proven that my program is working right. The reason we use similar shapes but different
colors on one panel and similar colors (exclude the irregular shape) but different shapes on
the other is to prove my program can acquire good results that are independent of the color
or shape.
Here is how the steel panel looks like, and Big circle: R=1.6 cm Area = 8.0384 cm 2
Small circle: r =0.65 cm Area = 1.227 cm 2
The unit of my program output is pixel, but the units that were used of the shapes we
measured is cm 2 , so we need to transfer the unit: the test image we used has a relatively
lower resolution which is 75 ppi , then Area of 1 pixel = 2.54cm * 2.54 cm /
(75*75)=0.00115 cm 2
Length of 1pixel = 2.54 cm/ 75 =0.034 cm
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Figure 4.7 test steel image 1 paint with mark pen
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Figure 4.8 test steel image 2 paint with mark pen

Table 2 result of test image
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As we can see from the table, the difference is very low (most of them are under 5%
and all them are under 10%), that means my program is working correctly and suitable for
calculating any shape of corrosion, even irregular ones. From another angle, we also can
recognize the grayscale range we have chosen for the corrosion is reasonable.
The result of these two tests all proved my program is working correctly and the output
is clear, precise and accurate. This allows the result and discussion which based on my
program to be very convictive.
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Chapter 5 Result and Discussion
Each time we run a piece of the image, we get a txt file called “size”
which records how many corrosion pits are in this picture , and the area of each pit(the
number of pixels one pit contains). Then we use the “import data”

button to import this txt file to a matrix:

Figure 5.1 matrixes from import
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The number 1818 in the picture indicates that there are 1818 corrosion pits in this
scanned image, and the numbers in the column 1 shows the number of pixels.

Then use the matrix to plot the 2d histogram to see the area distribution of the
corrosion pits.
Here is a set of histogram plots for
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Figure 5.2 2D histogram plots
Here is the 3d histogram plot:

Figure 5.3 3D histogram plots

43
corrosion growth rate

pixel 1
pixel 2

grain corrosion area cm2

0.04

pixel 3

0.035

pixel 4
pixel 5

0.03

pixel 6
pixel 7

0.025

pixel 8

0.02

pixel 9
pixel 10

0.015

pixel 11
pixel 12

0.01

pixel 13

0.005

pixel 14
pixel 15

0

pixel 16
pixel 17

pixel 18
pixel 19
pixel 20

time(s)

Figure 5.4 corrosion growth rate of steel(pH 7)

pixel 21
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Here is the corrosion growth rate of the Steel 304 panel in distilled water and pH 4
acid solutions:

Figure 5.5 corrosion growth rate of steel (pH 4)
How we transfer the unit pixel to mm 2
We scan the picture with the resolution of 4800 ppi, and then the area of each pixel is:
1 inch*1 inch / (4800*4800); 1inch =2.54cm=25.4mm;
1 pixel= 25.4mm*25.4mm/(4800*4800)= 2.8*10 5 mm 2
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Figure 5.6 corrosion growth rate of whole steel panel (pH 7)

Figure 5.7 pit initiation of steel (pH 7)
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Figure 5.8 pit
initiation of
steel (pH 4)

Figure 5.9 pit
initiation of Al
(pH 4)

Figure 5.10 pit
initiation of
steel (pH 11)
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Al

Steel

0.00187

N/A

pH 7

N/A

0.000343

pH 4

0.00215

0.002641

Pit initiation

Figure 31

N/A

pH 7

N/A

Figure 28

pH 4

Figure 30

Figure 29

Average pit radial growth

0.0244

N/A

pH 7

N/A

0.0104

pH 4

0.0262

0.029

Total corrosion area growth

3.83

N/A

pH 7

N/A

1.24

pH 4

4.4035

7.677

Average pit area growth rate
(cm 2 /minute)
pH 11

pH 11

rate (cm/ minute)
pH 11

rate(cm 2 /minute)
pH 11

Table 3 Corrsoion growth rate for Steel and Al panel 1
(N/A means the metal will not corrode in a short time in this pH enviroment )
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Al

Steel

0.00232

N/A

pH 7

N/A

0.000294

pH 4

0.00277

0.003081

Average pit radial growth

0.0272

N/A

pH 7

N/A

0.00967

pH 4

0.0297

0.03132

Total corrosion area growth

4.69

N/A

pH 7

N/A

1.09

pH 4

5.08

7.98

Average pit area growth rate
(cm 2 /minute)
pH 11

rate (cm/ minute)
pH 11

rate(cm 2 /minute)
pH 11

Table 3 Corrsoion growth rate for Steel and Al panel 2
(N/A means the metal will not corrode in a short time in this pH enviroment )

49
We have done the same experiment procedure and run with the same program on a
couple of diferent panels for both alumunum and steel, the trends and results of corrosion
are roughly same to each other, so we can put these experiment process and the detail of
programming as a specimen for future work of calculating the corrosion growth rate.
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Chapter 6 Summary and recommendations
6.1 Summary
For a brief conclusion, here is the work I have done in the thesis:
A specimen experiment was conducted on Al and Steel panels to get the scanned high
resolution image over a scheduled time.
A MATAB algorithm for detecting the initiation and growth rate of pits as a function
of time was developed.
Calculated the initiation rate for cellular automated model and acquired radial and
area growth rate for both single corrosion pit and whole panel, and drew the curve from the
data to show the trend of corrosion growth.

Our result shows we can accurately calculate the size of each corrosion pit, and follow
the change during the time period, and then gather the radial and area corrosion growth
rate for both single corrosion pit and the whole panel. By observing the curve of corrosion
growth rate, we can find the trend of the corrosion pits grow in different environments and
solutions. With this data, we can even roughly predict a function that will fit. The two
materials we used in the experiment are widely used in industry, as was mentioned in the
first chapter. The result could help lots of the industrial companies to predict their
machines’ fatigue period, which will both help them to make appropriate measures to
prevent corrosion growth, and allow for a reasonable time period to change the mechanical
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parts. If the method can be widely used, all tasks based on machines would become safer
and save a lot of money on materials.
6.2 Recommendations
Review all our experiment procedure and program details, which are not limited by
material type. Thus as long as the corrosion has different color ranges with the material,
and the corrosion generates on the surface of the material, this method for calculating the
corrosion growth rate can be widely used in all types of different materials not only for
industry, but also for agriculture and our usual life.
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APPENDIX A
Scanned Images
Steel Panel
0 minute
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5 minutes
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10 minutes
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15 minutes
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20 minutes
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25 minutes
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Alumiunm Panel
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15 minutes
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20 minutes
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APPENDIX B
MATLAB CODE

RGB
clear all
global A B stack height width;
I = imread('C:\Users\Yan\Desktop\cut\3\10min_02x02.png');
greenarray=I(:,:,3);
J = greenarray;
imshow(J)
return
A= ((J>=100)&(J<=200));
[height,width] = size(A);
B = zeros(height,width)>0.5;
stack=zeros(height*width,1);
for i=1:height
for j=1:width
if (B(i,j)==false)
size=Search2(i,j);
if (size>0)
fid = fopen('size.txt','a');
fprintf(fid, '%d\n', size);
fclose(fid);
end
end
end
end
Main
clear all
global A B stack height width;
I = imread('C:\Users\Yan\Desktop\scan0001.jpg');
J = rgb2gray(I);
A= ((J>)&(J<));
[height,width] = size(A);
B = zeros(height,width)>0.5;
stack=zeros(height*width,1);
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for i=1:height
for j=1:width
if (B(i,j)==false)
size=Search2(i,j);
if (size>0)
fid = fopen('size.txt','a');
fprintf(fid, '%d\n', size);
fclose(fid);
end
end
end
end

Search
function area= Search(x,y)
global A B;
current=0;
up=0;
down=0;
left=0;
right=0;
B(x,y)=true;
if (A(x,y)==true)
current=1;
if (Peak(x + 1, y) == 1)
down = Search(x + 1, y);
end
if (Peak(x - 1, y) == 1)
up = Search(x - 1, y);
end
if (Peak(x, y + 1) == 1)
right = Search(x, y + 1);
end
if (Peak(x, y - 1) == 1)
left = Search(x, y - 1);
end
area = current + down + up + right + left;
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return
else
area = current + down + up + right + left;
return
end
Pull
function n=Pop()
global stack top
top=top-1;
n=stack(top,1);
return
Push
function Push(x,y)
global stack top
stack(top,1)=x;
stack(top+1,1)=y;
top=top+2;
Peak
function d=Peak(x,y)
global A B height width;
if (x < 1 || x > height || y < 1 || y > width )
d=0;
return
end
if (B(x,y)==false && A(x,y) == true)
d=1;
return
else
d=0;
return

end
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Coodinates
clear all
I = imread('C:\cut.tif');
J = rgb2gray(I);
K = ((J>144)&(J<169));
imshow(K)
%sum(sum(K))
[m,n]=size(K);
for i=2:m
for j=2:n
if K(i,j)==1
if K(i-1,j)==0
%around = K(i+1,j)+K(i-1,j)+K(i,j+1)+K(i,j-1)
%if around<4
%|(K(i-1,j)==1)|(K(i,j+1)==1)|(K(i,j-1)==1));
coordinate2=[i,j]
%coordinateY=j
fid = fopen('coordinate2.txt','a')
fprintf(fid, '%d\n', coordinate2)
fclose(fid)
end
%plot(i,j)
end
end
end
return
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